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It is the aim of this work to compare the performance of a cascade of N reactor/separator sets, either in series or in parallel, with that of an integrated reaction/separation unit. In order to do so, a Michaelis-Menten reaction in dilute substrate solutions (i.e. a pseudo ®rst order reaction) was considered to take place in either con®guration and, under the same reaction and separation conditions, comparison of the performance and ef®ciency of these con®gurations was made in terms of fractional recovery of pure product, total time required to achieve such recovery and rate of recovery.
It was concluded that: (i) the series combination of reactor/separator sets yields better results, both in terms of fractional amount of product recovered and time required to do so, than the parallel combination; and (ii) the integrated approach is much more time-and cost-effective than plain cascading, thus making it very attractive from an economic point of view.
List of symbols A
Interfacial area of the separator (m 2 ) C Molar concentration (mol m À3 ) i
Generic i-th reactor/separator unit 
Volume of the reactor (m 3 ) v maxYf maximum rate of reaction in the forward reaction (mol m À3 s À1 ) v maxYr maximum rate of reaction in the reverse reaction (mol m À3 s À1 ) k catYr ®rst order intrinsic kinetic constant for the reverse reaction (s À1 )
Greek letters
algebraic stoichiometric coef®cient n extent of depletion by chemical reaction (±) f extent of depletion by physical separation (±) X dimensionless parameter (±) Transformation of substrate(s) into the corresponding product(s) is the aim of any reactional process. However, owing to thermodynamic and/or kinetic constraints, the yield and purity of the product(s) at the outlet of the reactor does not always attain the levels desired and, for this reason, biochemical reactors have been traditionally followed by separation units, designed in attempts to maximize such levels. Since the costs associated with post-reactional processing of biochemicals are usually high, alternative approaches, such as cascading sets of reactors/separators, have also been proposed and employed by many researchers when trying to improve the processing performance. Given that such analyses generally focus only on sets of reactors/separators used in sequential fashion without considering the hypothesis of their parallel use, one major goal of this work was, thus, to study whether cascading reactor/separator sets in parallel does (or does not) provide better results than in series.
On the other hand, attempts to alleviate limiting factors, such as the high product inhibition and low volumetric productivity that are typical of biochemical processes, have led in the last two decades to comprehensive studies of integrated systems rather than sequential ones [1±7]. Integration can be seen as the limiting situation of cascading when the total number of sets tends to in®nite, and entails the possibility of continuously (and immediately) removing the product(s) formed during reaction and, consequently, improving effectiveness of separation since bulk concentrations are not allowed to build up. Such practice is, therefore, expected to reduce the aforementioned costs usually associated with post-reaction separation. Examples of integrated approaches which have recently been selected for biochemical processes encompass (but are not limited to) integrated liquid-liquid systems [8±10], integrated vapor-liquid systems [11±17], integrated supercritical¯uid systems [18, 19] , integrated solid-liquid systems [20±28] and integrated solid-gas systems [29±32]. A comprehensive review of applications of integration in biochemical processes has been provided elsewhere [33] .
Laane et al. [1] and Tramper et al. [2] have claimed that reaction coupled with in situ separation brings about kinetic enhancements in the case of biochemical processes. However, such claim tends only to consider the point of view of the reaction rather than that of the overall process, constituted by both reaction and separation. Paiva and Malcata [4] have later demonstrated that integration of reaction and separation does not provide a true thermodynamic enhancement if Gibbs' free energy is used as quantitative measure because of its nature of state function (i.e. with changes that are independent of path).
However, it was also demonstrated that, once physical separation is achieved on the molecular level right upon chemical reaction has taken place, integration decreases kinetic limitations via prevention of bulk mixing of product with (unreacted) substrate [6] . In spite of the complexity associated with modelling and prediction of behaviour in the case of integrated approaches, the actual decrease in the total manufacture cost of the product arising from lower reaction times (and thus lower capital investments in smaller reactors able to effect a given conversion of substrate) coupled with separation to a higher extent (and thus lower separation costs in a posteriori less intensive separation processes) may overcome this drawback.
In order to maintain the analysis mathematically tractable throughout this study, the limiting ®rst order behaviour of a generic enzyme-catalyzed reaction was considered. The model system selected consists in a reaction that follows a 1:1 stoichiometry, which is in agreement with the current trend of bioprocess intensi®cation brought about by increasing substrate concentration to the highest degree possible (which also avoids use of solvents that add to downstream separation problems). The performance of a cascade of N similar reactor/separator sets (both in series and in parallel) was then compared with that of an integrated reaction/separation unit. Such comparison was made both in terms of the fractional amount of pure product recovered, its rate of recovery and total time (time of reaction plus time of separation) required to achieve the same extent of conversion and separation.
Mathematical development
Let us consider a chemical transformation of substrate (S) into product (P) occuring via an enzyme-catalyzed reaction according to the following Michaelis-Menten reversible mechanism assumed to satisfy quasi-equilibrium conditions at all times:
where K mYS and K mYP are the dissociation constants of the enzyme/substrate complex and the enzyme/product complex, respectively, and k catYf and k catYr are ®rst order, intrinsic kinetic constants for the forward and reverse reaction, respectively. Under this postulated mechanism, the following rate expression can be derived [34]:
where r denotes the reaction rate, C S and C P represent the molar concentration of substrate and product, respectively, and v maxYf and v maxYr represent the maximum rates of reaction in the forward and reverse direction under saturation conditions of enzyme, and are given by:
